A method has been presented for determining a local atomic structure in an amorphous thin film of sub-micron thickness grown on a substrate by the grazing incidence x-ray scattering (GIXS) method. The capability of this method was demonstrated by analyzing amorphous Si0 2 and S13N4 films 200 and 70 nm thick, respectively. A network structure in the amorphous Si0 2 film consists of Si0 4 tetrahedra connecting each other by oxygen atoms at their vertices. This resembles that in a bulk amorphous Si02. The local ordering unit structure in the amorphous S13N4 film was found to be a SiN 4 tetrahedron. A significant feature in the present amorphous Si 3 N 4 film is the presence of two types of Si-Si pairs in the near neighbor region while only one type is present in the aSi 3 N 4 crystal. This indicates that a part of the network structure formed by the SiN 4 tetrahedra is quite different from that in its crystalline state. According to the coordination number of 3.8 for Si-N pairs, some nitrogen vacancies are quite likely involved in the film. Such nitrogen vacancies, then, are responsible for the modified network structure in the present amorphous Si 3 N 4 film.
INTRODUCTION
X-ray diffraction is very useful for quantitatively analyzing a local atomic structure in amorphous materials III. Since a penetration depth of x-ray beams is at least of the order of a few hundred μτη, we usually use the Seemann-Bohlin geometry with a small angle of incidence in an amorphous film 111. This geometry is successfully used for structural study of amorphous films about 1 (im thick. In amorphous films of 1 μπι thickness or less, however, its structural analysis is quite difficult even with this geometry, because of an extremely small scattering intensity at a large scattering angle. This becomes worse in an amorphous film grown on a substrate 131. Intensity from the amorphous layer becomes smaller at a large scattering angle while the contribution from the substrate to the total intensity becomes larger. This prevents us from accurately evaluating the intensity from the amorphous layer. We made some efforts to carry out a quantitative structural analysis even in an amorphous film of less than 1 μπι thickness grown on a substrate, by employing the anomalous x-ray scattering method 14,51. In this method, the energy differential scattering profile near the absorption edge at a particular element in the sample is experimentally obtained. Thus, this measurement has usually been carried out with the synchroton radiation of a very intense continuum x-ray source. In addition to this inconvenience, even with this new method, structural information on amorphous films of a few hundred or less nm thickness has been hard to obtain. Accordingly, we have proposed a new method for a quantitative structural analysis in a thinner amorphous film grown on a substrate by utilizing the total external x-ray reflection phenomena 161.
Marra et al. Ill originally proposed a method for a surface structural study by the total external x-ray reflection. This method is often called the grazing incidence x-ray scattering method (hereafter called the Vol. 18, Nos. 1-2,1999 Structural Study of Thin Amorphous S1O2 and S13N4 Films by the Grazing Incidence X-Ray Scattering (GIXS) Method GIXS method). This GEXS method has been applied to many surface structural studies, such as surface reconstruction, a solid-liquid phase transition of a metallic monolayer, etc. The x-ray penetration depth continuously varies from several hundred nm to a few nm by decreasing the incident angle through the critical angle. By selecting an appropriate incident angle in the vicinity of the critical angle, it is precisely controlled between several nm and a few hundred nm. By this method, only intensity from a thin amorphous film even of a few nm thickness is observed without mixing with scattering from a substrate. FischerColbrie and Fuoss /8/ applied this GIXS method to the structural analysis in a GeSe2 amorphous film.
In the present study, the structure of amorphous Si0 2 and Si 3 N 4 films grown on substrate is determined by applying the GIXS method Incidentally, the amorphous Si0 2 and Si 3 N 4 films are 200 and 70 nm thick, respectively. Amorphous S1O2 and S13N4 films have wide applications in many semiconductor device technologies, such as secondary passivation layers, interlayer isolations, lithographic masks in integrated circuits, oxidation barrier, and dielectrics for thin film transistor applications. Thus, their preparation process and their physical and chemical properties have been extensively studied. Few studies, however, have been reported on local atomic structures in amorphous thin films less than 1 μιη thick. In the present study, we have determined the atomic structures in these amorphous films. This will demonstrate the usefulness and validity of the present GIXS method.
EXPERIMENTAL
An amorphous Si0 2 film was deposited by plasmaenhanced chemical vapor deposition (hereafter, called plasma CVD) on a glass plate of Corning 7059 coated by polycrystalline chromium at 573 Κ under a total gas pressure of 100 Pa. A mixture of SiHU, N 2 0 and N 2 gas was used. Their flow rates were kept at 50, 200 and 1000 seem, respectively.
The amorphous Si 3 N 4 film was prepared on a glass plate of Corning Micro-sheet 0211 by reactive sputter deposition technique. Silicon was used as a sputtering target and high purity N 2 gas a reactive gas under a pressure of 0.30 Pa after evacuation to less than 10" 4 Pa.
The GIXS measurements were carried out at BL-6B in the photon factory of the National Laboratory for High-Energy Accelerator Research Organization, Tsukuba, Japan. A diffractometer 16,91 was built only for the GIXS measurements. The experimental setting in the present study and the angular arrangements of the diffractometer are shown in Fig. 1 (a) and (b) respectively. The monochromatic x-ray beam of 0.09 nm was obtained with the double Sil 11 crystal monochromator installed at BL-6B and monitored by the ionization chamber placed just in front of the sample. An incident angle α is adjusted by rotation around the α-axis of Diffractometer A in Fig. 1 (b) . A reflectively profile is observed by rotating the counter A in Fig. 1 (b) around the 20-axis coupled with the aaxis. By the a' rotation in Fig. 1 (b) , the grazing incident angle for a diffracted beam is changed. Since an intensity spatial distribution of the amorphous film is isotropic, the scattering intensity was measured in the sample film fixed at a particular incident angle α near the critical angle Oo by rotating only the counter Β around the φ-axis in Fig. 1 (b) . It is stressed that the absorption by the film is independent of the scattering angle in this geometry. The polarization effect is ignored in the present analyses since the counter Β was scanned around the φ-axis with an extremely small incident angle α and the synchroton radiation is almost completely polarized in the orbital plane. Thus, the observed intensity was corrected for air scattering and multiple scattering /10/, converted to the absolute intensity by the Krogh-Moe-Norman method /ll/, and finally corrected for the Compton scattering intensity. The interference function was obtained from this corrected coherent intensity. A local atomic structure in a bulk amorphous Si0 2 film plate (35 χ 50 χ 2 mm) was also determined by conventional x-ray diffraction with Mo Κα-radiation in Θ-2Θ geometry for comparison.
RESULTS

Amorphous Si0 2 film
An x-ray reflectivity profile of the amorphous Si0 2 film is shown in Fig. 2 , and two leaps appear at 2.24 and 3.92 mrad. The latter corresponds to the critical angle etc for the total external reflection by the chromium coating substrate under the S1O2 film, and the former to oto by the surface of the S1O2 film. The density of the amorphous S1O2 film was evaluated from etc to be 2.27 ± 0.08 g/cm 3 . We regarded this value as being almost equal to the value of 2.21 g/cm 3 in the bulk amorphous Si0 2 plate by taking the experimental error into account. Quite sharp oscillations are observed between these critical angles owing to interference of xrays reflected by the Si0 2 surface and the interface between the Si0 2 film and the chromium substrate. The film thickness was estimated to be 200 nm Scattering intensity profiles of the amorphous SiC>2 film, which were observed at 4 incident angles α in the vicinity of of 2.24 mrad, are shown in Fig. 3 . Quite sharp Bragg peaks of the polyciystalline chromium are observed in the scattering profile at α = 3.1 mrad. These peaks almost disappear in the measurement at α = 2.4 mrad just above <*c. At α = 2.1 and 1.7 mrad below oto, there are no peaks of chromium. Consequently, the scattering intensity only from the amorphous film is experimentally determined by properly selecting the incident angle α in the vicinity of a* We must note in Fig. 3 however that the scattering intensity rapidly decreases mainly arising from a drastic decrease in the penetration depth of x-rays. Referring to the film Fig. 4 , the broken curves correspond to these calculated ones. The coordination numbers and atomic distances are summarized in Table 1 .
The radial distribution functions (RDFs) /12/ estimated by the Fourier transformation of the experimental and calculated interference functions in Fig. 4 
Table 1
Coordination numbers and atomic distances of the amorphous S1O2 film of 200 nm thickness grown on polycrystalline chromium, the bulk amorphous S1O2 plate, and a-Si02 are shown in Fig. 5 . The dotted lines in Fig. 5 correspond to the average RDFs of 27^rpo. As expected in the interference functions in Fig. 4 , no essential difference is detected in the RDF profiles between the amorphous film and the bulk amorphous plate. Amorphous S13N4 Film An x-ray reflectivity profile of the amorphous Si 3 N 4 film is shown in Fig. 6 . The critical angle for the total external reflection by the S13N4 film is observed at 2.61 mrad. The density of the film is estimated from occ to be 3.13 ± 0.11 g/cm 3 . This value is about 1.6% less than that of the crystalline a-Si^ (3.18 g/cm 3 ). In comparison to the S1O2 case, the oscillations are not so distinct in the reflectivity curve of the amorphous Si 3 N 4 film. However, the detected oscillations can be attributed to the interference of x-rays reflected by the film surface and the interface between film and substrate. Therefore, the film thickness is estimated to be 70 nm. As previously explained in the S1O2 film, the incident angle α of 2.68 mrad was chosen in this measurement so that the penetration depth is comparable to the film thickness. The observed intensity was analyzed in the same maimer as in the S1O2 film; the consequent interference functions are shown in Fig. 7 , and the coordination numbers and atomic distances are summarized in Table 2 Vol. 18, Nos. 1-2,1999 Structural Study of Thin Amorphous S1O2 and S13N4 Films by the Grazing Incidence X-Ray Scattering (GIXS) Method Table 1 , we can easily find that the local unit structure is a Si0 2 tetrahedron and that the two tetrahedrons connect by sharing oxygen atoms at their vertices. This is schematically shown in Fig. 9 (a) . This result is consistent with those obtained from previous structural studies /13,15/. The coordination numbers and atomic distances of the amorphous Si0 2 film and the bulk amorphous Si0 2 plate in Table 1 resemble each other. Therefore, the Si0 2 amorphous film is also formed from the same network structure consisting of the S1O4 tetrahedra as the amorphous plate is. The coordination number of 0-0 pairs in the amorphous film is 8% less than that of the amorphous plate. It may safely be said that there exist incompletely bonded silicon atoms. According to Batey et al. /16/, the amorphous S1O2 film prepared by plasma CVD contains at least 1 at%H. The presence of a number of Si-Η bonds has also been reported in silicon oxynitride amorphous films prepared by plasma CVD /17,18/. Thus, the true character of the incompletely bonded silicon atom may be a Si-Η bond in the present amorphous Si0 2 film.
Amorphous Si 3 N 4 film
In a-Si 3 N 4 /19/, a SiN 4 tetrahedron is a local unit structure and a network is formed by sharing a nitrogen atom at its vertices with another two tetrahedra. This is schematically shown in Fig. 9 Table 2 . They explain that the smaller coordination numbers in the amorphous sample compared with those in the High Temperature Materials and Processes crystalline case are due to the presence of voids with about 1 nm diameter. A structural study by XAFS /21/ of the amorphous Si 3 N 4 film grown by CVD suggests that a Si atom is surrounded by 4.1 nitrogen atoms at 0.177 nm and by 7.5 Si atoms at 0.298 run. Although the basic local structure in the amorphous sample is known to be essentially close to that in the crystalline one, there are differences in details in samples prepared under different conditions. In amorphous Si 3 N 4 samples, the presence of excess hydrogenated silicons /17,22/ and N-H bonds /18/ is pointed out It is therefore quite convincing that a local network structure consisting of SiN 4 tetrahedra is modified in amorphous Si 3 N 4 under different preparation conditions because of the presence of different types of defects, and impurities, such as hydrogen.
The present sample, which was grown by the reactive sputter deposition technique using a Si target and N 2 gas, contains no hydrogen. The network structure in the present amorphous film is, however, quite different from other samples grown by CVD. The coordination numbers and atomic distances of the first 3 pairs of Si-N, N-N, and Si-Si in the amorphous Si 3 N 4 film listed in Table 2 are nearly equal to those in the Si 3 N 4 crystal. This indicates that the present amorphous Si 3 N 4 film also consists of a similar network structure of the SiN 4 tetrahedra. In addition to these first 3 pairs the agreement of the calculated interference function with the experimental data is not obtained when considering another Si-Si pair at 0.255 nm. This other SiSi correlation is about 15% shorter than the distance of the Si-Si pair expected from some normal variations of the network structure in amorphous Si 3 N 4 , and about 8% longer than the nearest neighbor distance in pure Si crystal. The total coordination number of Si around a Si atom computed from the coordination numbers of Si-Si pairs at 0.255 and 0.313 nm in Table 2 is 8.3. This value is nearly equal to 8 for a Si-Si pair in a-Si 3 N 4 . The bond angle around a nitrogen atom which is estimated from this short Si-Si distance and the Si-N distance in Table 2 is 94 ± 3°. This is much smaller than the value of 120° in the crystalline case. The two SiN 4 tetrahedra with this small bond angle are placed as if they are sharing each edge. Consequently, the largest part of the network structure in the present amorphous Si 3 N 4 film is considered to be similar to the usual amorphous samples consisting of SiN 4 tetrahedra,
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Incidence X-Ray Scattering (GIXS) Method but a part of it contains a quite different bond between the S1N4 tetrahedra with the small bond angle. The coordination number of the Si-N pair is about 5% less than that of the crystal. This indicates that there are nitrogen vacancies in the present amorphous S13N4 film. The modified network structure might be caused by the presence of these nitrogen vacancies.
CONCLUDING REMARKS
The local atomic structures in the amorphous S1O2 and S13N4 films of sub-micron thickness grown on substrates were quantitatively evaluated by the GIXS method. These experimental results manifest an advantage of the present method in the structural study of a thin amorphous film.
In the amorphous Si0 2 film of 200 nm thickness grown by plasma CVD, a local ordering unit structure is a S1O4 tetrahedron and a network structure consisting of these tetrahedra is almost similar to that in the bulk amorphous S1O2·
In the amorphous S13N4 film 70 nm thick grown by reactive sputter deposition, the local ordering unit structure is found to be a SiN 4 tetrahedron with a quite distinct structural feature as follows. The fundamental structural feature of the amorphous S13N4 film can be described by the network formed by SiN 4 tetrahedra. Such a feature is essentially similar to the crystalline otSis^ case. However, a part of the network modification includes the tetrahedra with a much smaller bond angle around a nitrogen atom. This modification might be due to the presence of the nitrogen vacancies in the present amorphous S13N4 film.
